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ABSTRACT The endothelial lining of blood vessels is 
constantly exposed to fluid mechanical forces generated by 
flowing blood. In vitro application of fluid shear stresses to 
cultured endothelial cells influences the expression of multiple 
genes, as reflected by changes in their steady-state mRNA 
levels. We have utilized the B chain of platelet-derived growth 
factor (PDGF-B) as a model to investigate the mechanisms of 
shear-stress-induced gene regulation in cultured bovine aortic 
endothelial cells (BAECs). Northern blot analysis revealed 
elevated endogenous PDGF-B transcript levels in BAECs, after 
exposure to a physiological level of laminar shear stress (10 
dynes/cm 2 ; 1 dyne = 100 mN) for 4 h. A transfected reporter 
gene, c nsisting of a L3-kb fragment of the human PDGF-B 
promoter coupled to chloramphenicol acetyltransferase 
(CAT), indicated a direct effect on transcriptional activity. 
Transfection of a series of PDGF-B-C AT deletion mutants led 
t the characterization of a cis-acting component within the 
PDGF-B promoter that was necessary for shear-stress respon- 
siveness. In gel-shift assays, overlapping oligonucleotide probes 
f this region formed several protein-DNA complexes with 
nuclear extracts prepared from both static and shear-stressed 
BAECs. A 12-bp component (CTCTCAGAGACC) was iden- 
tified that formed a distinct pattern of complexes with nuclear 
proteins extracted from shear-stressed BAECs. This shear- 
stress-responsive element does not encode binding sites for any 
known transcription factor but does contain a core binding 
sequence (GAGACC), as defined by deletion mutation in 
gel-shift assays. Interestingly, this putative transcription factor 
binding site is also present in the promoters of certain other 
endothelial genes, including tissue plasminogen activator, in- 
tercellular adhesion molecule 1, and transforming growth 
factor 01, that also are induced by shear stress. Thus, the 
expression of PDGF-B and other pathophysiologically relevant 
genes in vascular endothelium appears to be regulated, in part, 
by shear-stress-induced transcription factors interacting with a 
common promoter element. 

Vascular endothelial cells form the biological interface be- 
tween the blood and the various tissues and organs of the 
body. They are the source of multiple interacting factors that 
are critical to normal homeostasis and the initiation and 
progression of disease. These include growth stimulators and 
inhibitors [e.g., platelet-derived growth factor (PDGF), 
transforming growth factor /31 (TGF-/31), fibroblast growth 
factors, and heparans], vasoconstrictors and vasodilators 
(e.g., endothelin and endothelial-derived relaxing factor), 
pro- and antithrombotic factors, fibrinolytic activators and 
inhibitors, adhesion molecules, and various cytokines (1). 
Imbalanced expression of these molecules by the endothe- 
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Hum ("endothelial dysfunction") may constitute a pathoge- 
netic risk factor for vascular diseases such as atherosclerosis 

(2). * . 

In addition to local or systemic humoral stimuli, such as 
cytokines and bacterial products (3), it is now recognized that 
hemodynamic forces also can influence endothelial structure 
and function (4-8). In particular, wall shear stress, the 
tractive force imparted to the vascular lining by flowing 
blood, can have acute (seconds to minutes) or chronic (hours 
to days) biological effects (8). Certain of these (e.g., prosta- 
cyclin generation) appear to involve the activation of consti- 
tutive stimulus-response effector mechanisms (9), whereas 
others [e.g., tissue plasminogen activator (tPA) production] 
reflect de novo protein synthesis and secretion (10). Re- 
cently, based on the measurement of steady-state levels of 
mRNA, physiological levels of laminar shear stress have 
been demonstrated to upregulate the expression of several 
pathophysiologically relevant genes in cultured endothelial 
cells, including tPA (10), TGF-01 (11), and PDGF-A and -B 
chains (12). However, the cellular and molecular mechanisms 
underlying this shear-stress responsiveness of vascular en- 
dothelium remain incompletely understood. 

In this report, we have utilized a well-defined in vitro 
mechanical system and the PDGF-B gene as a model to 
demonstrate a direct effect of shear stress on gene transcrip- 
tion in vascular endothelial cells. By analyzing the activity of 
a series of mutant PDGF-B promoter-chloramphenicol ace- 
tyltransferase (CAT) reporter gene constructs transfected 
into cultured bovine aortic endothelial cells (BAECs), we 
have identified a cis-acting element in the PDGF-B gene that 
is required for shear-stress responsiveness [shear-stress- 
responsive element (SSRE)]. A core binding sequence within 
this element (GAGACC) appears to bind to transcription 
factors present in the nuclear extracts of shear-stressed 
BAECs. Interestingly, this sequence is also present in the 
promoters of certain other endothelial genes that have been 
found to be up-regulated by shear stress, including tPA, 
intercellular adhesion molecule 1 (ICAM-1), and TGF-01, 
thus suggesting a general mechanism for induction of gene 
transcription by this biomechanical stimulus. 

MATERIALS AND METHODS 

Cell Culture. A BAEC line (11-BAEC) that forms uni- 
formly confluent density-inhibited monolayers with little 
tendency for "sprout" formation was cultured in Dulbecco's 

Abbreviations: PDGF, platelet-derived growth factor; BAEC, bovine 
aortic endothelial cell; GAPDH, glyceraldehyde-3-phosphate dehy- 
drogenase; CAT, chloramphenicol acetyltransferase; SSRE, shear- 
stress-responsive element; TGF-/31, transforming growth factor £1; 
ICAM-1, intercellular adhesion molecule 1; tPA, tissue plasminogen 
activator. 

§To whom reprint requests should be addressed. 



4591 



4592 Medical Sciences: Resnick et al. 



Proc. NatL Acad. Set USA 90 (1993) 



modified Eagle's medium (GIBCO/BRL) supplemented with 
10% (vol/vol) calf serum (Whittaker Byproducts), 2 mM 
giutamine, penicillin (100 units/ml), and streptomycin (100 
/ig/ml) as described (6). 

Shear-Stress Apparatus. The modified cone-and-plate ap- 
paratus utilized for generating defined fluid shear stresses has 
been described (13, 14). It consists of a stainless steel cone 
rotating over a base plate that contains 12 1-cm (diameter) 
plastic coverslip inserts or a single 17-cm (diameter) plastic 
plate specially fabricated by Costar. Culture medium in the 
base-plate reservoir (15 ml, total volume) is gradually ex- 
changed (0.5 ml/min) without recirculation. The entire ap- 
paratus is maintained in a 5% C0 2 /95% air humidified 
atmosphere and is thermostatically regulated at 37°C. Fluid 
mechanical parameters (medium viscosity, cone angle, and 
rotational speed) were adjusted to subject the endothelial 
monolayers to a uniform laminar shear stress of 10 dynes/ cm 2 
(1 dyne = 100 mN) for 4 h. Replicate-plated control cover- 
slips were incubated under static conditions for the same time 
interval. Shear- stressed and static endothelial monolayers 
appeared morphologically indistinguishable after 4 h, consis- 
tent with previous observations (15). 

Recombinant DNA Constructs and Probes. A PDGF-B- 
CAT reporter gene was constructed from a 1.3-kb fragment 
of the human PDGF-B chain promoter (16) cloned into an 
Xba I site of a pSP65 backbone carrying the CAT gene in the 
Hin&\\l~Pvu II sites. This reporter gene and the endogenous 
PDGF-B gene show a similar pattern of expression in vivo in 
transgenic mice (16). A series of nested 5'-deletion mutations 
were carried out within the PDGF-B-CAT construct. A 
cytomegalovirus-CAT reporter gene construct was kindly 
provided by S. Orkin (Children's Hospital Medical Center, 
Boston, MA). Glyceraldehyde-3 -phosphate dehydrogenase 
(GAPDH) cDNA was obtained from the American Type 
Culture Collection (Rockville, MD) (deposited by R. Wu), 
and the 0.96-kb Hindll-Bgl I fragment was used for labeling 
reactions. 

Northern Blot Analysis. Total cellular RNA was extracted 
from experimental BAEC monolayers, using the SDS/NaOH 
lysis method (17). Aliquots (5 /xg) of RNA were loaded in each 
lane, electrophoresed through a 1.2% formaldehyde/agarose 
gel for 4 h, and stained with ethidium bromide to verify the 
quality and the quantity of the RNA, prior to blotting and 
hybridization with 32 P-labeled cDNA probes. 

Transfection Procedures and CAT Assay. BAECs were 
transfected by the modified calcium phosphate procedure 
(17) and either subjected to shear stress or incubated under 
static conditions. At the end of the experiment (^50 h after 
transfection), the cells were extracted, and CAT activity was 
measured in a liquid assay (17). The transfection efficiency of 
the various reporter gene constructs was evaluated by ex- 
tracting transfected BAECs, using the Hirt procedure (18), 
and transforming circular plasmid DNA to Escherichia coli 
DH5a, which were plated on ampicillin-containing plates. 
The number of ampicillin-resistant colonies was taken as a 
direct index of the efficiency of transfection and used to 
normalize CAT activities among various experiments. 

Extraction of Nuclear Proteins. For the study of DNA 
binding factors, control (static) or shear-stressed BAEC 
monolayers were washed with phosphate -buffered saline 
(calcium/magnesium-free) and trypsinized, and nuclei were 
extracted as described by Osborn et al. (19). Nuclear extracts 
were kept frozen in liquid N2 until analysis. 

Gel-Retardation Assays. Oligonucleotide probes (30-35 bp) 
were synthesized in an Applied Biosystems apparatus (model 
381A). The binding of the oligonucleotides SS-1, SS-2, and 
SS-4 was carried out in the presence of 50 mM NaCl/10% 
(vol/vol) glycerol/0.02% Nonidet P-40, using reagents sup- 
plied with the Pharmacia BandShift kit. Each binding exper- 
iment included 5-10 jug of nuclear extracts and 1 pM end- 



labeled oligonucleotide, which were incubated at 20°C for 20 
min. Binding conditions for the various oligonucleotides were 
determined in preliminary experiments. The binding of SS-1, 
SS-2, and SS-4 was maximal in the presence of 50 mM NaCl, 
whereas SS-3 bound in the presence of either 50 mM NaCl or 
SP-1 binding buffer (25 mM Tris CI, pH 7.9/6,25 mM MgCl 2 / 
0.5 mM EDTA/50 mM KC1/0.5 mM dithiothreitol/10% glyc- 
erol). Oligonucleotides encoding for SP-1 and Oct-1 binding 
sites were purchased from GIBCO/BRL. The protein-DNA 
complexes were electrophoresed through 5% polyacrylamide 
gels in the presence of lx Tris borate buffer (89 mM Tris 
base/89 mM boric acid, pH 8.0), dried, and autoradiographed 
on Kodak x-ray AR films. 

RESULTS 

Laminar Shear Stress Affects PDGF-B Transcript Levels in 
Cultured Endothelial Cells. Cultured BAEC monolayers were 
either exposed to laminar shear stress (10 dynes/cm 2 ) for 4 h 
in the cone-plate apparatus or incubated under static condi- 
tions for the same period of time. Northern blot analysis of 
RNA revealed that monolayers exposed to shear stress 
contained elevated levels of endogenous PDGF-B transcripts 
(Fig. 1). A commonly used "control" gene, GAPDH, inter- 
estingly appeared to be down-regulated by shear stress, 
consistent with recent observations by others in both bovine 
and human endothelial cells. 

Direct Effect of Shear Stress on PDGF-B Transcripti n in 
Cultured Endothelial Cells. Increased levels of PDGF-B tran- 
scripts under shear stress could result from either stabiliza- 
tion of mRNA or an enhanced rate of transcription (or a 
combination of both). To investigate whether shear str ss can 
directly influence transcriptional regulation, we constructed 
a vector carrying a CAT reporter gene regulated by a 1.3-kb 
fragment of the human PDGF-B promoter (Fig. 2). Cultured 
BAECs were transfected with this construct and, 24 h later, 
either exposed to laminar shear stress (10 dynes/cm 2 ) for 4 h 
or incubated under static conditions for the same period of 
time. As shown in Table 1, CAT activity derived from the 
construct carrying the intact PDGF-B promoter was sever- 
alfold higher in transfected cells exposed to shear stress. In 
contrast, similar CAT activity was observed in BAECs under 
both static and shear-stress conditions, after transfection of 
a cytomegalovirus reporter gene. 
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Fig. 1. Effect of laminar shear stress on steady-state levels of 
PDGF-B chain and GAPDH transcripts in cultured endothelial 
monolayers. Northern blot analysis of total RNA (5 /ig) extracted 
from BAECs that had been exposed to laminar shear stress (10 
dynes/cm 2 for 4 h; lanes 2 and 4) or incubated under static conditions 
(lanes 1 and 3) and hybridized to either 32 P-labeled PDGF-B (lanes 
1 and 2) or GAPDH (lanes 3 and 4) probes. Molecular sizes in base 
pairs are indicated. 
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Fig. 2. CAT reporter gene regulated by a 1.3-kb fragment of the 
human PDGF-B chain promoter. 

Definiti n of a SSRE Within the PDGF-B Promoter. In- 
creased transcription of CAT under shear stress in BAECs 
transfected with the PDGF-B-CAT construct suggested that 
there are regions within the PDGF-B promoter that are 
shear-stress-responsive. To define these element(s), a series 
of nested 5 '-deletion mutations of the PDGF-B promoter 
coupled to CAT were transfected into BAECs, which then 
were either exposed to laminar shear stress (10 dynes/cm 2 ) 
for 4 h or incubated under static conditions in parallel. 
Analysis of the series of deletion mutants depicted in Fig. 3 
revealed that construct dl7, which encodes only a third of the 
intact promoter, was still responsive to shear stress. Con- 
struct 671 previously had been identified as the minimal 
element required for the expression of PDGF-B in cultured 
endothelial cells under static conditions (20, 21). This con- 
struct was not responsive to shear stress. Deletion of a 50-bp 
element, between constructs d26 and d36, abolished the 
responsiveness to shear stress, without influencing expres- 
sion under static conditions. We therefore concluded that the 
putative SSRE in the PDGF-B promoter lies within the region 
defined by these two mutants. 

Shear Stress Induces Transcription Factors That Bind to the 
SSRE. To better characterize this putative SSRE, we exam- 
ined the binding of nuclear proteins extracted from static and 
shear-stressed BAECs to the region of the PDGF-B promoter 
delimited by the d26 and d36 mutants, by using gel-shift 
(mobility retardation) analysis. Three oligonucleotides, en- 
coding the 5', middle, and 3' portions of this region, were 
synthesized and termed SS-1, SS-2, and SS-3, respectively 
(Fig. 4). Each oligonucleotide was 25-30 bp long and con- 
tained a 12-bp overlapping stretch at their ends. SS-3 was the 
only oligonucleotide that contained a consensus binding site 
(GGGCGG) for a known transcription factor, SP-1 (22). 

All three oligonucleotides were able to form multiple 
complexes with nuclear proteins derived from either static or 
shear-stressed BAECs (Fig. 4A). The quantity of high mo- 
lecular weight complexes formed with both SS-1 and SS-2 
probes was increased in nuclear extracts from shear-stressed 
cells. Addition of a 100-fold excess of unlabeled SS-1 or SS-2 

Table 1. Effect of laminar shear stress on the expression of 
PDGF-B-CAT and CMV-CAT constructs in transfected BAECs 









CAT activity 












cpm 


x 10" 3 


Normalized 


Fold 


Construct 


Static 


Shear 


Static 


Shear 


induction 


None 


1.2 


± 0.2 


1.1 ± 0.1 


ND 


ND 




PDGF-B-CAT 


11.8 


± 0.2 


41.2 ± 0.4 


25 


87 


3.5 


CMV-CAT 


11.5 


± 0.5 


12.9 ± 0.9 


33 


37 


1.1 



BAECs transfected with the PDGF-B-CAT construct (Fig. 2) were 
exposed to laminar shear stress (10 dynes/cm 2 for 4 h) or incubated 
under static conditions for the same period of time. CAT activity is 
expressed in cpm and normalized to the number of ampicillin- 
resisiant colonies, as an index of the efficiency of transfection. CM V\ 
cytomegalovirus promoter. 
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essentially abolished this binding, indicating the specificity of 
the observed shift. In contrast, the intensity and pattern of 
the complexes formed with SS-3, which contains an SP-1 
binding site, were similar under static and shear-stress con- 
ditions. Moreover, binding of SS-3 to nuclear proteins from 
static BAECs could be reduced by the addition of unlabeled 
SS-3 (Fig. 4A) or SP-1 oligonucleotide (data not shown). The 
ability of relevant unlabeled probes (Fig. 4A, lanes 4, 8, and 
12) to inhibit complex formation was not shared by a ubiq- 
uitous transcription factor binding site probe (Oct-1) (data not 
shown). 

Identification of the Binding Site for Shear-Stress-Induced 
Transcription Factors. Because the gel-shift patterns of SS-1 
and SS-2 observed in the presence of shear-stressed nuclear 
extracts were similar, we hypothesized that the relevant 
binding site(s) were situated in the overlapping stretch at the 
3' end of SS-1 and 5' end of SS-2, respectively (Fig. 4). A 
concatemirized oligonucleotide termed SS-4 that encodes 
this overlapping 12-bp (CTCTCAGAGACC) stretch, there- 
fore, was synthesized and analyzed in a gel-shift assay. As 
with SS-1 and SS-2, the gel mobility of SS-4 was retarded in 
the presence of nuclear extracts from shear-stressed BAECs. 
This binding was inhibited by the addition of unlabeled SS-4 
(Fig. 45, lane 4) but not with unlabeled Oct-1 (Fig. 4B, lane 
5), indicating specificity of the observed gel shift. Concate- 
mirized mutant SS-4 probes, containing the 5' half (CTC- 
TCA), the 3' half (GAGACC), or a mutated form (CTCT- 
CAAAGICC, substituted bases are underlined) or the wild- 
type SS-4 oligonucleotide, were also analyzed. A similar 
pattern of gel shift was obtained with the 3', but not the 5', 
or mutant SS-4 probe, thus further localizing the relevant , 
core binding sequence (data not shown). 

Computer analysis of the 5' flanking regions of several 
other genes (tPA and TGF-01) that have been shown to be 
upregulated by shear stress in vascular endothelium (10-12) 
revealed that this core binding sequence (GAGACC) or its 
complementary sequence (GGTCTC) are also present in each 
of their promoters (Table 2). Interestingly, within the 
PDGF-B chain gene, this stretch is fully conserved among the 
murine, feline, and human promoters, although it is located 
in a region that is otherwise poorly conserved across species 
(21, 23). 

DISCUSSION 

Hemodynamic forces in general, and more specifically fluid 
shear stresses, have been implicated as modifiers of endo- 
thelial cell structure and function in vivo (4-8). Changes in 
cell morphology, growth status, and the production and 
secretion of various effector molecules have been observed 
in cultured endothelial cells exposed to defined shear stresses 
in vitro (9-14). Many of these changes are dependent, directly 
or indirectly, on gene expression. This study demonstrates 
that a mechanical force, such as shear stress, applied to 
vascular endothelial cells, can regulate gene expression at the 
level of transcription. By using deletion analysis and gel-shift 
assays, a SSRE was defined within the PDGF-B promoter. 
As shown in Table 2, the SSRE is identical in the murine, 
feline, and human PDGF-B promoters, although it is located 
in a region that is otherwise poorly conserved across species 
(21, 23). Moreover, a 6-bp core binding sequence within the 
SSRE (GAGACC) that bound nuclear proteins in a same 
pattern as SSRE is encoded by promoters of several other 
genes that have also been shown to be regulated by shear 
stress in vascular endothelium (human, murine, and rodent 
tPA; human and murine TGF-01). Recently, we have found 
(30) that ICAM-1 is also upregulated by shear stress (laminar; 
10 dynes/cm 2 ; 4-48 h) in cultured human vascular endothe- 
lial cells, at the levels of protein and mRNA. Interestingly, 
the SSRE core binding sequence (GAGACC) is encoded 
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within the ICAM-1 promoter. In contrast, two other endo- 
thelial expressed adhesion molecules, E-selectin and vascu- 
lar cell adhesion molecule 1, that are not upregulated by the 
same shear-stress exposure (30) do not contain this core 
binding sequence in their promoters (32, 33). 

Large vessels typically undergo adaptive changes in diam- 
eter and wall thickness in response to changes in flow 
velocities that lead to a redistribution of wall shear stresses 
(34, 35). A component of this adaptation is very rapid 
(minutes) and is dependent upon the presence of an intact 
endothelial lining (36). In preliminary in vitro experiments 
(N.R., unpublished observations), induction of endogenous 
PDGF-B transcripts was detectable in cultured bovine aortic 
endothelial monolayers as early as 30 min after initial expo- 
sure to laminar shear stress (10 dynes/cm 2 ). These findings 
agree with recent observations of others (12) on PDGF 




Fig. 4. Binding of nuclear proteins from static and shear-stressed 
BAECs to the shear-stress-responsive region in the PDGF-B pro- 
moter. (A) Gel-shift analysis of the complexes formed by SS-1 (lanes 
1-4), SS-2 (lanes 5-8), and SS-3 (lanes 9-12) oligonucleotide probes 
of the 50-bp shear-stress-responsive region of the PDGF-B promoter 
with nuclear extracts from static or shear-stressed BAECs. Lanes: 1, 
5, and 9, no nuclear extracts; 2, 6, and 10, nuclear extracts from static 
BAEC; 3, 7, and 11, nuclear extracts from BAECs exposed to 10 
dynes/cm 2 laminar shear stress for 4 h; 4, 8, and 12, addition of the 
relevant (SS-1, SS-2, or SS-3) unlabeled probe in 100-fold excess. (B) 
Gel-shift analysis of the complexes formed by the oligonucleotide 
probe SS-4 with nuclear extracts from static and shear-stressed 
BAECs. Lanes: 1-3, as in A; 4, addition of unlabeled relevant probe, 
100-fold excess; 5, addition of unlabeled Oct-1, 100-fold excess. 
Sequences of oligonucleotide probes: SS-1, gatTGAAGGGTTGC- 
TCGG CTCTC AG AG ACC C : SS-2, gatCTCTC AQAO AC- 
CCCCTAAGCGCC; SS-3, gatCCCCCTAAGCGCCCCGCCCTG- 
GCCCCAAC; SS-4, gat CTCTC AG AGACC G ATCAT CTCTCA- 
GAGACC . The gat triplet was added to each probe to allow efficient 
radiotabeling. The putative SSRE sequence is underlined in SS-1, 
SS-2, and SS-4. 
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Fig. 3. Deletion analysis of shear-stress 
responsiveness of the PDGF-B promoter. A 
4 ! series of deletion mutations of the PDGF-B 
promoter were coupled to CAT, transfected 
into BAECs, which then were exposed to 
laminar shear stress (10 dynes/cm 2 for 4 h) or 
4,1 incubated under static conditions for the 
same period of time. CAT activity is ex- 
pressed in cpm//ig of protein and as normal- 
0^ ized to the number of amptcillin-resistant 
(Amp) colonies, as an index of the efficiency 
~ of transfection and the fold shear-stress in- 
duction of CAT activity, is expressed as a 
t- 4 ratio (shear/static values). 

expression in human endothelial cells. The acute and more 
chronic induction of PDGF-B in vitro may correlate with the 
putative actions of this polypeptide in vivo, as a vasocon- 
strictor (37) and as a smooth muscle hyperplastic stimulus 
(31, 38, 39). 

One of the most intriguing questions is the pathway 
through which externally applied hemodynamic forces signal 
the nucleus to activate gene transcription. Several studies 
have demonstrated that shear stress can stimulate inositol 
phospholipid turnover in cultured endothelial cells, produc- 
ing second messengers, such as inositol trisphosphate and 
diacylglyceride, that are involved in the release of calcium 
from intracellular pools and protein kinase C activation 
(40-43). Intracellular levels of ionized calcium have been 
demonstrated to be affected, directly and indirectly, by shear 
stress in cultured endothelial cells (8, 44). In recent studies, 
changes in calcium levels and activation of protein kinase C 
have been implicated in the regulation of PDGF-B chain 
expression in endothelial cells under both static and flow 
conditions (45). Conceivably, the cytoskeletal reorganization 
that occurs in endothelial cells, both in vitro and in. vivo, 
several hours after exposure to flow (46, 47) may, in con- 
junction with cell shape change, play a role in gene expres- 
sion. In addition, several known transcriptional factors ap- 
pear to be affected by shear stress (48), although their 
consensus binding sequences are not present in the SSRE 
defined in this study. In preliminary experiments, changes 
have been observed (N.R., unpublished observations) in 
gel-shift patterns with nuclear extracts from shear-stressed 
BAECs (vs. static controls) by using probes for transcription 
factors NF-kB and AP-1, myc, and the cAMP responsive 



Table 2. Conservation of SSRE core binding sequence in 
promoters of genes responsive to shear stress 



Gene 


Origin 


Location, nt 


Sequence 


Ref(s). 


PDGF-B 


Human 


-125 


TCTCAGAGACC 


20, 21 


PDGF-B 


Feline 


-125 


TCTCAGAGACC 


23 


PDGF-B 


Murine 


-125 


TCTCAGASACC 


24 


tPA 


Human 


-284 


TATGGGAGAGC 


26 


tPA 


Rodent 


-252 


CCTTTGAGACC 


26 


tPA 


Murine 


-252 


CCTTTQAGAGC 


26 


TGF-01 


Human 


-3% 


ACGTCGfilfilC 


27 


TGF-01 


Murine 


-1314 


GTGGCGAQACC 


28 


ICAM-1 


Human 


-649 


GTGGTGAfiACC 


29 



Position of the SSRE relative to the initiation of transcription. 
Note that the core binding sequence (GAGACC ) identified in this 
study and its complementary sequence (GGTCTC) are conserved 
among the PDGF-B promoters of several species and in unrelated 
genes that are also responsive to shear stress in vascular endothe- 
lium. 
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element. The regulation of these transcription factors by 
cytokines, hormones, and other stimuli currently is a topic of 
intensive investigation (for review, see refs. 48 and 49); it will 
be instructive to compare the mechanisms coupling these 
stimuli with those involved in shear-stress-induced gene 
expression. 

In conclusion, the presence of a putative transcriptional 
factor binding site within the 5' promoter region of several 
unrelated genes, all of which can respond to shear stress in 
vascular endothelium, suggests a mechanism for transduc- 
tion of biomechanical stimuli at the blood-vessel- wall inter- 
face. Further molecular characterization of the transcription 
factors) that interact with the SSRE defined in this report 
and elucidation of their regulation by defined mechanical 
forces and other stimuli should provide insights into endo- 
thelial function in physiological and pathophysiological 
states. 

Note Added in Proof. The SSRE core binding sequence (GAGACC) 
or its complementary sequence is also present in the promoters of the 
following endothelial-expressed genes (human) that have been dem- 
onstrated to be shear responsive: c-fos, c-jun, monocyte chemotactic 
protein (MCP-1) (50, 51). 

We thank Mr. D. Fenner for excellent technical assistance in the 
design and maintenance of the flow apparatus and Ms. V. Davies for 
cell culturing. These studies were supported by grants from the 
National Institutes of Health (P01-HL-36028, R01-HL-25536, R01- 
HL-35716, and T32-HL07627). 

1. Simionescu, N. & Simionescu, M. (1988) in Endothelial Cell 
Biology in Health and Disease (Plenum, New York). 

2. Gimbrone, M. A., Jr. (1989) J. Cardiac Surg. 4, 180-183. 

3. Pober, J. S. & Cotran, R. S. (1990) Physiol Rev. 70, 427-451. 

4. Friedman, M. H. (1987) in Role of Blood Flow in Atherogen- 
esis, eds. Yoshida, Y., Yamaguchi, T., Caro, C. G., Glagov, S. 
& Nerem, R. M. (Springer, New York), pp. 41-46. 

5. Dewey, C. F., Jr., Davies, P. F. & Gimbrone, M. A., Jr. (1987) 
in Role of Blood Flow in Atherogenesis, eds. Yoshida, Y., 
Yamaguchi, T., Caro, C. G., Glagov, S. & Nerem, R. M. 
(Springer, New York), pp. 201-204. 

6. Dewey, C. F., Jr., Bussolari, S. R., Gimbrone, M. A., Jr., & 
Davies, P. F. (1981) J. Biomech. Eng. 103, 177-185. 

7. Fry, D. L. (1976) in Cerebrovascular Diseases, ed. Stenberg, P. 
(Raven, New York), pp. 77-95. 

8. Davies, P. F. & Tripathi, S. C. (1993) Circ. Res. 72, 239-245. 

9. Frangos, J. A., Eskin, S. G., Mclntire, L. V. & Ives, C. L. 
(1985) Science 227, 1477-1479. 

10. Diamond, S. L., Sharefkin, J. B., DifTenbach, C., Scott, K. F., 
Mclntire, L. V. & Eskin, S. G. (1990) J. Cell. Physiol. 143, 
364-371. 

11. Ohno, M., Lopez, F., Gibbons, G. H., Cooke, J. P. & Dzau, 
V. J. (1992) Circulation 86, 1-87. 

12. Hsieh, H. J.,Li,N. Q. & Frangos, J. A. (1991) Am. J. PhysioL 
260, H640-H646. 

13. Sdougos, H. P., Bussolari, S. & Dewey, C. F. (1984) J. Fluid 
Mech. 138, 379-404. 

14. Davies, P. F., Dewey, C. F., Bussolari, S. R., Gordon, E. J. & 
Gimbrone, M. A., Jr. (1984) J. Clin. Invest. 73, 1121-1129. 

15. Remuzzi, A., Dewey, C. F.,Davies(P. F. & Gimbrone, M. A., 
Jr. (1984) Biorheology 21, 617-630. 

16. Sasahara, M., Fries, J. W. U., Raines, E. W., Gown, A. M., 
Westrum, L. E., Frosch, M. P., Bonthron, D. T., Ross, R. & 
Collins, T. (1991) Cell 64, 217-227. 

17. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) in Molecular 
Cloning: A Laboratory Manual (Cold Spring Harbor Lab., 
Plainview, NY), 2nd Ed. 



18. Glover, D. M. (1985) in DNA Cloning, ed. Glover, D, M. (IRL, 
Oxford, U.K.), pp. 213-238. 

19. Osborn, L., Kunkel, S. & Nabel, G. J. (1989) Proc. Natl. Acad. 
Sci. USA 86, 2336-2340. 

20. Pech, M., Rao, C. D., Robbins, K. C. & Aaronson, S. A. 
(1989) Mol. Cell. Biol. 9, 396-405. 

21. Ratner, L„ Thielan, B. & Collins, T. (1987) Nucleic Acids Res. 
IS, 6017-6036. 

22. Locker, J. & Buzard, G. (1990) J. DNA Sequencing Mapping 
1, 3-11. 

23. Van den Ouweland, A. M. W., Roebroek, A. J. M. f Schalken, 
J. A., Claesen, C. A. A., Bloemers, H. P. J. & Van den Ven, 
W. J. M. (1986) Nucleic Acids Res. 14, 5028-5037. 

24. Bonthron, D. T., Sultan, P. & Collins, T. (1991) Genomics 10, 
287-292. 

25. Gashler, A. L., Bonthron, D. T., Madden, S. L., Rauscher, 
F. J., Collins, T. & Sukhatme, V. P. (1992) Proc. Natl. Acad. 
Sci. USA 89, 10984-10988. 

26. Feng, D., Ohlsson, M. & Ny, T. (1990) /. Biol. Chem. 265, 
2022-2027. 

27. Kip, S. J., Jeany, K. T., Glick, A. B., Sporn, M. B. & Rob- 
em, A. B. (1989) J. Biol. Chem. 264, 402-488. 

28. Geiser, A. G., Kim, S. J., Roberts, A. B. & Sporn, M. B. 
(1991) Mol. Cell. Biol. 11, 84-92. 

29. Degitz, K., Lian-Jie, L. & Caughman, S. W. (1991) J. Biol. 
Chem. 266, 14024-14030. 

30. Nagel, T., Resnick, N., Atkinson, W. J., Dewey, C. F. & 
Gimbrone, M. A., Jr. (1993) FASEB J. 7(3), 2 (abstr.). 

31. Nabel, E. G., Yang, Z., Liptay, S., Haudenschild, C. C. & 
Nabel, G. J. (1992) J. Cell. Biochem. Suppl. 16, 3 (abstr.). 

32. Neish, A. S., Williams, A. J., Palmer, H. J., Whitley, M. Z. & 
Collins, T. (1992) /. Exp. Med. 176, 1583-1594. 

33. Whelan, J., Ghersa, P., Van Huijsduijnen, R. H., Gray, J., 
Chandra, G., Talabot, F. & DeLamarter, J. F. (1991) Nucleic t 
Acids Res. 19, 2645-2653. 

34. Zarins, C. K., Zatina, M. A., Giddens, D. P., Ku, D. N. & 
Glagov, S. (1987) J. Vase. Surg. 5, 413-420. 

35. Langille, B. L., Bendeek, M. P. & Keeley, F. W, (1989) Am. 
J. Physiol. 84, H931-H939. 

36. Langille, B. L. & O'Donnel, F. (1986) Science 23, 405-407. 

37. Berk, B. C, Alexander, R. W., Brock, T. A., Gimbrone, 
M. A., Jr., & Webb, R. C. (1986) Science 232, 87-90. 

38. Ross, R., Bowen-Pope, D. F. & Raines, E. W. (1990) Phil. 
Trans. R. Soc. London Ser. B 327, 155-169. 

39. Fern, G. A. A., Raines, A. W., Sprugel, K. H„ Motani, A. S., 
Reidy, M. A. & Ross, R. (1991) Science 253, 1129-1132. 

40. Bhagyalakshmi, A. & Frangos, J. A. (1989) Biochem. Biophys. 
Res. Commun. 158, 33-37. 

41. Nollert, M. V., Eskin, S. G. & Mclntire, L. V. (1990) Bio- 
chem, Biophys. Res. Commun. 170, 281-287. 

42. Prasad, A. R. S., Nerem, R. M., Schwartz, C. J. & Sprague, 
E. A. (1989) J. Cell Biol. 109, 313 (abstr.). 

43. Nishizuka, Y. (1986) Science 233, 305-312. 

44. Shen, J., Luscinskas, F. W., Connolly, A., Dewey, C. F., Jr., 
& Gimbrone, M. A., Jr. (1992) Am. J. PhysioL 262, C384-C390. 

45. Hsieh, H. J., Nan-Qian, L. & Frangos, J. A. (1992) J. Cell. 
Physiol. 150, 552-558. 

46. Langille, B. L., Graham, J. J. K., Kim, D. & Gotlieb, A. I. 
(1991) Arteriosclerosis Thrombosis 11, 1814-1820. 

47. Ingber, D. E. & Jamieson, J. D. (1985) in Gene Expression 
During Normal and Malignant Differentiation, eds. Anders- 
son, L. C, Gahmberg, C. G. & Ekblom, P. (Academic, Or- 
lando, FL), pp. 13-32. 

48. Nollert, M. V., Panaro, N. J. & Mclntire, L. V. (1992) Ann. 
N.Y. Acad. Sci. 664, 94-104. 

49. Hunter, T. & Karin, M. (1992) Cell 70, 375-387. 

50. Hsieh, H. J.,Li,N. Q. & Frangos, J. A. (1993)7. Cell. Physiol. 
154, 143-151. 

51. Hsieh, H. J., Shjy, Y. J., Raffi, H. K. & Chien, S. (1993) 
FASEB J. 7(3), 54 (abstr.). 



